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ABSTRACT

Studies of Dual and Tandem Rigid Wheel Performance in Sand

[ by

Gary D. Swanson

Advisor

I. Robert Ehrlich

*1r 
January 19T1

Tests were conducted with five pair of wheels, three of which

j were geometrically similar. Four loads and three spacings were tested

for each wheel pair. A dimensional analysis approach 
was utilized to

I. develop general functionai relationships for sinkage and motion

resistance (tow force). Test data was analyzed and specific equations

were developed for prediction of sinkage and resistance to motion for

I wheels in dual and Landem configuration. The resulting equations

were compared with equations developed or discussed by Bekker. Single

wheel test!, were conducted and comparisons made between single wheel

U- performance and dual or tandem wheel performance.
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I. INTRODUCTION

A. Objective

Researchers involved with military, agricultural,construction

and other off-road equipment have sought to increase the vehicle

Kr payload without substantial increases in motion resistance or

sinkage. Designers of aircraft landing gear have also sougnt to

I[ find better methods of supporting larger aircraft on soil runways.

A solution frequently employed is the utlization of many wheeis

mounted in dual tandem or dual-tandem configurations. The objective

of this study was to determine the effects of spacing on the per-

formance of towed rigid wheels mounted in dual and tandem configura-

tion. This study is therefore applicable to aircraft landing gear,

towed agricultural equipment, trailers. and unpowered wheels of self-

propelled vehicles only,

Within this objective, it became appropriate also to study

single wheels in order to simulate infinite spacing, to yield a

I comparison of single wheel performance, and to compare the results

obtained here with those of other researchers.

B. Approach

The method chosen to study the effects of spacing on the

performance of towed rigid wheels mounted in dual or tandem configura-

tion was a dimensional analysis approach. This approach was utilized

to develop general functional relationships between significant

parameters in this study (see Section III - RATIONALE). The general

functional relationships were of the form:

* .
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I
x 1  x2  x33~~~ %7 K'n 3 114~(1

[ Experimental tests were t',5nn utilized to determine the values of K ,

Xl, x2 and x3 for each general functional relationship. (Seer Section V - TEST PROCEDURES and Section ViI - ANALYSIS OF RESULTS.)

r I

I

1
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II. BACKGROUND

I Rouch and Llljedahl2 tested driven 4.00 x 8 tires ii an artificial

soil. Values of slip from zero to 20 percent were tested at dual

spacings up to four inches. They showed that, at close spacings, the

wheel sinkage and motion resistance of dual wheels decreased because

each wheel had a supporting effect on the other.

Roma and McGowan as referenced by Freitag, utilizing a 4A

I vehicle with 6.00x16 tires in sand, showed that, if a given load must

be carried by tires of a given size, two tires are better than one;

however they are not twice as good. This means that two tires opera-

ting side-by-side interact so that the individual performance of each

tire is less than if it were onerating independently.

?elzer and Knight showed that at 20 percent slip two wheels in

a close-spaced dual-wheel configuration performed proportionatelyF better than a single wheel with the same characteristics as each wheel

of the dual-wheel configuration. Their tests were '.onducted in Yuma
I sand with 9.00-14, tires. Their results were similar to those reported

Sby Rouch and Liljedahl. 
2

Other studies, 5 - 10 relating to tandem wheels revealed that they

were conducted by driving or towing a wheel with a dynamometer and

then driving or towing the same wheel again in the rut left by the

first pass. The effect, therefore, was of infinite tandem spacing.

The studies reported in the previous paragraphs were concerned

with performance of powered dual and tandem wheels. Performance

was defined in terms of the tractive coefficient, power efficiency,
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[
pull coefficient, and overall efficiency. These studies also utilized

the same load for the single wheel configuration and the dual or
tandem configuration. This study was concerned with the performance

of towed dual and tandem wheels. The loads utilized for the single

wheel configuration were half those utilized for the dual or tandem
configuratIon.

r

ii1 
'

3-
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Ill. RATIONALE

1A. General

A dimensional analysis approach utilizing the Buckingham Pi

Theorem was used to develop general functional relationships between

significant parameters in this study. The soil parameters utillized,

k. , k and n were those used by Bekker ll In his pressure sinkage

equation:
k

p= (kqT + r Zn (2)
where

P = pressure (pounds/inch2 )

k = frictional soil value (pounds/inchn+2)

kc = cohesive soil value (pounds/Inchn+l)

b = wheel width (inches)

z = sinkage (inches)

n = sinkage exponent (dimensionless)

In the conduct of a test there are certain primary and certain
secondary parameters. The primary parameters are those established

-by the test setup; the secondary ones are those resulting from the

test. In the tests conducted here, the secondary parameters studied

were wheel motion resistance and wheel sinkage; wheel skid, also a

secondary parameter was measured, but not analyzed. All other speci-

fled parameters will be considered primary. Thus the analysis might

l properly be grouped into four categories:

1
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Motion resistance of dual wheels,

Motion resistance of tandem wheels,

Sinkage of dual wheels, and

Sinkage of tandem wheels.rIt might be noted here that the failure to control skid rate (as

Is necessary in towed wheels) destroyed some of the geometric simi-

F [larity of the experiments, thus generating modeling distortion.

B. Motion Resistance of Dual Wheels

l1. Significant Perameters

Parameter Symbol Dimensions Basic Quantity

Motion resistance R pounds F

[ Wheel diameter D inches L

Wheel width b inches L

I. Load W pounds F

Dual v weel spacing S inches LIL (between adjacent, faces)

Frictional soil k pounds/inch+ FL
sinkage modulus (

Cohesive soil k pounds/inchn+l  FL-n 'l

sinkage modulus c

Soil sinkage n
exponent

* 2. Development of the Functional Relationship

Thus, the wheel resistance to motion may be expressed as:

-* R = f(D,b,.,s,k k .,n) (3)

2C
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I
Assuming that th's function is In the form of a product

.1 of these variables:
cI  c c6  c=

C 1  C2  c3 c4  C5  6 7 _(i
C 01R 0c  bc Wc  s 5k kcT (4)

Since n is dimensionless it may be assigned a separate

Tr term or may be in one or more of the exponents of Equation (4).

.Equation (4) may now be expressed dimensionally as:

-Ac 2 Lc 3 Fc4 LC5(FL n (FL'n c F L (5)

Solving Equation (5) for the various basic quantities: 4

Force: CI + C + C6 + C7 = 0 (6)

Length: C2 + C3 + C5 -(n+2)C, -(n+l)C7  0 (7)

Determining the number of Tr terms:

N= u-a (8)

where: N = numiber of n terms

u = number of parameters

a number of basic equations

N = TN - 2 5 (9)

The exponents C2 and C4  may be determined in terms ofC2 4
Cl '3, C C6 and C . To determine that the exponents are independent,

the determinant of the coefficients of C and C must be formed and
C2 4

shown to be non-zero. Thus:

- i

TJ.
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Since the value of this determinant Is non-zero, the developed TI

I terms based on C2  and C will be Independent.

The following procedure will be utilized to generate the five

i terms. Each of the exponents C1, C3, C., C6 and C In turn will

assume a value of one while the others assume a value of zero. These

values will be substituted into Equations (6) and (7). Simultaneous

jsolution of the two resulting equations will generate one n term.

C1 = 1; 3  C5 = C6 = CT = 

(6) +C4= 0; C 4 = -l

(7) C2 = o. T1= R/W (10)

C3 = 1; CI = C5 = C6 = C7 =0

(6) C 4 =o

(7) C2 + 1= 0; C2  -1 . = b/D (Ii)

SC5 = 1; C1 = C3 = C6 = C T =0

(6) C 0

(7') C2 + 1= 0; C2  - I . r=sfD (12)

(6) c4 + 1=O0; C4 = -1
k Dn+

(7) C2 -(n+2) =0; C =r,+2 r4 (13)

k W
'I.
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CT= I; C1 = C3 = C5 = C6  O

4 (6) C + I =O; C 4  Ild4 4Dn+ I
k D

M C2 -(n = 0; C2 = n+ . t5 c )
It was desired to utilize the wheel width rather than the wheel

11diameter in t.,;e T4and r5 terms. Therefore, let:

n+2 kn+ 2 nb'2  (5
!U n+2 k Dn+  b n+2 kb +

n+1. k D n  bn+1  k b'+l

5 2" T" 7T= (16)

The resulting functional relationship is:

1T = f(Tr2' T'Y T49 ) (17)

lI Substituting:

kb+2k bn+

W /L (18)

The cohesive soil value, kc , for sand was determined to be zero

kcbn+I
(see par. IV, Al). Therefore, the term ---- may be elim~nated

from the functional relationship. The revised function relationship

for the motion resistance of dual wheels is therefore:

R fi s kc' n) (19)I-
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C. Motion Resistance of Tandem Wheels

The functional relationship which was developed previously

for the motion resistance of dual wheels may also be applied to tandem

wheels. This statement Is true because of the fact that the wheel

separation term for dual wheels, s , has the same basic dimension as

the wheel separation term for tandem wheels (0).

[ Hence, the functional relationship for the motion resistance of

tandem wheels may be written as:
k b n+2

R f 9 bcp19 P* W(20)

D. Sinkage of Dual and Tandem Wheels

The development of the sinkage functional relationships is

almost Identical to that of the motion resistance relationships. The

major differences are the substitution of wheel sinkage, z . for moion

resistance as the secondary parameter.

By a similar analysis, all m,-tems are Identical, with the

exception of --r,. Here

z It
IT,~

and the functional relationship for the sinkage of dual wheels becomes

k b n+ 2

f(b s kb 2 (22)W /1
Likewise, the functional relationship for the sinkage of tandem

wheels is
i4
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n+2n15
f  , W (23)

p! Since the two wheels of a tandem configuration may sink at different

depthsp the sinkage of the front wheels was designated zF ; that of
rear wheel, zR@

ll

I

i

I

Ii!'
I:

kL

I-.
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IV. TEST FACILITY AND EQUIPMIENT

A. Test Facilitv| 1. Soil Bin

The tests were conducted in fine grain sand contained in a

bin 37 feet long, 3 feet wide, and filled to a depth of 24 inches.

The measured sand angle of internal friction was 310; its coefficient

[of cohesion was zero; and its moisture content varied between 0.6% and

1.0%. The soil sinkage parameters for the sand, as determined by a

I series of Bevameter tests were: k : 4.7; k = 0; n = 1.15.

2. Tiller
The sand was tilled by means of a gyritiller after each

j test to a depth of 17 to 18 inches, (see Figure 1). The sand was

7,j

- V

FIGURE 1. GYROTILLER

,.I

'V
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tilled sufficiently prior to the tests to obtain a uniform air-dry

condition. To assure uniformity between tests, penetration readings

(standard l/2" - 30° cone penetrometer12) and shear strength readings

(Cohron-Sheargrapn13 were taken at three locations along the soil tank

In the path of the wheels.

B. Equipment

1. Wheels

Fivs pairs of wheels were constructed for use in this study.

IThree of these (Pairs Ia, Ib, and Ic) were constructed with a width-to-

diameter ratio of approximately 0.26 in order to form a geometrically

similar set (see Figure 2). The other two (pairs II and III) were

of the same diameter as pilir lb and had width-to-diameter ratios of

0.29T and 0,25. They were formed by adding or removing sheets of

plywood from the wheels of that pair. The widths. diameters and width-

to-diameter ratios for each pair tested are shown in Table i.

IREPRODUCIBLE

I

[I FIGURE 2. GEOMETRICALLY SIMILAR WHEELS

Ug
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jTable I

Wheel Dimensions

Wheel Pair No. Diameter (D) Width (b) Width/Diameter (b/D)
(In) (in)

la 14.75 3.88 0.263

20.875 5.41 0.259

Ic  27.0 6.98 0259

If 20.875 4.70 0.225

III 20.875 6.20 0.297

2. Test Apparatus

a. Sub-frame

(1) Dual C*-nfiquration

I In dual configuration the wheels were mouated on a

one and one-quarter-inch steel axle. The ax'e was supported by a

L bearing holder which was bolted to the sub-frame. The wheels were

prevented fror slipping on the axle by two set screws which were

mounted on the flange plate. Figure 3 shows the apparatus as utilized

in the dual configuration.

in ua

'TI
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NOT REPRODUCIBLE

FIGURE 3. TEST APPARATUS IN DUAL CONFIGURATION

f (2) Tandem Configuration

In the tandem configuration the wheels were mounted

on stub axles which were in turn mounted on a long steel mounting

_plate. The center of the plate was bolted to another stub axle which

was bolted to the sub-frame. Figure 4 shows the apparatus as utilized

in the tandem configuration.

SII (3) Single Wheel Configuration

In the single wheel configuration the wheel was

mounted on a stub axle which was bolted to the sub-frame. Figure 5

shows the apparatus as utilized in the single wheel configuration.

b. Main-frame

The sub-frame was attached to a wheel dynamometer ma.n-

frame which included a parallelogram type force transducer (see

Section C, Instrumentation). The main frame was fastened to two

linear bearings pennitting a near-frictionless vertical movement of4

'__.
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NOT REPRODUICIBLE

[i

4FIGURE 4. TEST APPARATUS IN TANDEM CONFIGURATION

FIGURE 5. TEST APPARATUS IN SINGLE
WHEEL CONFIGURATION



I R- 1536

17

the whole assembly. The main-frame may be seen in Figures 3, 4 and 5.

I c. Counterbalance

A coun. rbalance (Figure 6) was constructed to permit

operation of the wheels at loads below the total weight of the main-

frame, sub-frame, wheels and other auxilliarv equipment.

-7.

I A-._Y

I

~C. Instrumentation

1. Velocity

; a. Carriage Velocity

The velocity of the carriage was measured utilizing a

series of event markers spaced at one and one-half foot intervals

alGng the test bin. As the carriage was driven down the test bin a

_4
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Fmlcroswitch was closed by each of the event markers. When the micro-

switch was closed, it briefly shorted out the channel of the recorder

on which the sinkage of the wheels was recorded causing a large de-

r flection of the pen. Calculation of the carriage velocity is shc.vn

in Appendix 1. Figure 7 shows the microswitch and several of the

event markers.

4 l -'c#

0I £

Ii

FIGURE 7. MICROSWITCH AND EVENT MARKERS USED
TO MEASURE CARRIAGE VELOCITY

b. Wheel Velocity

The velocity of the wheels was measured utlizing a

microswitch triggered by the four bolts with which the wheel was held

to the flange plate. In the tandem configuration two microswitches

were utilized so that the velocity of each wheel could be measured

independently. A one and one-half volt battery was wired into the

circuit to give a voltage pulse when the microswitch was closed. The
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f Isignal from this mlcroswitch was fed into a DC amplifier in the re-
corder. Calculation of the wheel velocity is shown in Appendix t.

Figure 8 shows the microswitch and the mounting apparatus as utilized

in the dual configuration.

iI

-AS

.1

I .'

FIGURE 8; MICROSWITCH USED TO MEASURE WHEEL VELOCITY

2. Wheel Sinkage Measurement

a. Dual Wheels and Single Wheel

I The sinkage of the duel and single wheels was measured

by means of a chain-driven multiple turn potentiometer (Figure 9).

* The potentiometer was mounted on the rigid part of the carriage while

the chain was fastened to the main-frame of the test apparatus. As

* the wheels sank into the sand, the potentiometer was turned as the

I

A
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I. /

]_FIGURE 9. SINKAGE MEASUREMENT DEVICE

:, chain moved downward.

b. Tandem Wheels

SIn the tandem configuration the same potentiometer

_ measured the vertical mpotion of the center of the mounting plate. A

Sseco~nd multiple turn potentiometer was utilized to determine the

difference in sinkage between t4he front and rear wheels. This second

IF

Spotentiometer was operated by a string which was attached to the end

of the mounting plate. By determining tim distance that the plate

moved from a level position, it was possible to determine the front

~~and rear wheel sinkage. Sam.ple calculations of wheel sinkage are .

- shown in Appendix 11l. Figure 10 shows this second potentiometer and

-tt
I'I
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the string by which it was turned.
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j UI

B
FIGURE ]1. SOIL BIN DYNAMOMETER

since carriage velocity was recorded by means of an interruption in

the sinkage trace. Figure 12 shows a copy of the recorded data for one

test run.

1.. 5. Calibration

a. General

All potentiometers were calibrated prior to testing

each different set of wheels. If tests for a set of wheels extended

to a second day, calibration checks were made prior to the second

, day's tests.

b. Sinkage

(1) Dual Wheels and Single Wheel

The chain-driven multiple turn potentiometer was

calib.rated by establishing the "zero" sinkage level (that level at

which the bottom of the wheel touched the top surface of the soil)

and then physically lowering the wheel into a hole in the sand. The

[i I
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recording was marked each time the wheel was lowered an inch (as

I measured by a ruler) and a calibration curve was generated in this

manner.

(2) Tandem Wheels

In addition to the steps in the precedig paragraph,

It was required that the second multiple turn potentiometer be call-

brated. This potentiometer was calibrated by first leveling the

mounting plate (see Figure 4), thus estab!lishing a zero point. The

F record'ng was marked each time the plate was moved up or down one-half

Inch.
c. Motion Resistance

Since It was determined that loadings on the sub-frame

gave the same readings as loadings at the bottcm of the wheel, the I 1'I
motion resistance dyramometer was calibrated by loading known weights

on a weight pan which was attached to the sub-frame over a pulley by

I:

a rope,

L2
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V. TEST PROCEDURES

j Prior to each day of testing a calibration check was made of all

instrumentation. If this was a new configuration, it was calibrated

Icompletely. The soil was tilled prior to each test, and penetration,
and shear strength readings were taken at the beginning of each day.

The wheels were loaded by means of dead weights placed on the load pan

or on the counterbalance system. All tests were run at a constant

carriage speed of approximately 0.167 feet/second.

AFor dual wheel tests, the wheels were placed at a given spacing.

Since both the sinkage and the motion resistance stabilized quite

rapidly., it was found that we could add weights during the test so

that two loads would be tested during each run. Three tests were

made for each condition to be studied. Four loads and three spacings

were used for each wheel size tested.

The tandem wheel tests were conducted in generally the same

manner as the dual wheel tests. However, an additional preliminary

step was necessary to allow for measurement of individual sinkages of

the front and rear wheels. This additional step was to insure that,

tprior to each tgst, the pen measuring output of the string-driven
* multiple turn potentiometer was set to the midpoint when the mounting

plate was level. The plate was leveled utilizing a carpenter% level.

The test procedures for the single wheel tests were somewhat

different from those for the dual and tandem wheels. Two loadings

could be tested in each test run but the soil was not processed after

each run. The wheel was blocked above the sand level os the carriage

ii
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was returned to the starting position. A second pass was then made

in the rut formed by the wheel In the first pass. The soil was tilled

after every other run. Single wheel tests were conducted only with

I pairs la, lb and Ic and were conducted with loadings one-half of that

for th' dual and tandem configurations.

Tables If, III and IV show a summary of the test configurations

of all tests which were conducted.

r 4

I.
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Table I I

Summary of Dual Wheel Tests

Test No. Wheel Pair Load (W) Wheel Separation (s)
(lb) (in.)

1-3 la 150 1.54-6 1a 150 2.5
7-9 1a 150 3.810-12 la 220 1.5

13-15 1a 220 2.516-18 1a 220 3.8
19-21 la 300 1.522-24 [a 300 2.5
25-27 a 300 3.828-30 'a 350 1.53133 la 350 2.534-36 la 350 3.8
37-39 'b 150 2.62540-42 'b 150 3.56S43-45 ,b 150 5.41
46-48 Ib 220 2.62549-51 Ib 220 3552-54 

220 5.41
55-57 b 00 2.62558-60 Ib 300 3.5661-63 Ib300 5.413164-66 Ib 350 2.625
67-69 !b 350 3.5670-72 Ib 350 5.41
73-75 1c 150 2.7576-78 Ic 150 4.5679-81 Ic 150 7.00
82-84 Ic 220 2.7585-87 Ic 220 4.5688-90 ic 220 7.00
91-93 Ic 300 2.7594-96 Ic 300 4.5697-99 Ic 300 7.00

100-102 Ic 350 2.75103-105 Ic 350 4.56
106-108 Ic 350 7.00

I:I
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I. Table II (continued)

Test No Wheel Pair Load (W) Wheel Separation (s)
(lb) (in.)

109-111 11 150 2.625112-114 i 150 3.56
5-"117 11 150 5.41

118-120 1 2120 2.625121-123 11 220 J.56124-126 11 220 5.41

r 127-129 1i 300 2.6251130132 11 300 3.56133-135 300 5.41
136-138 11 350 2.625I 139-141 11 350 3.56142-144 11 350 5.41

I. 1145-147 l 150 2.625148-150I 150 3.56151-153 I 150 5.41
154-156 ! 220 2.625
157-159 , 220 3.56
160-162 , 220 5.41

163-165 , 300 2.625166-168 , 300 3.56r 169-171 , 300 5.41
172-174 ! 350 2.625
175-177 I 350 3.56178-180 I 350 5.41

!S

* I
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Table III

Summary of Tandem Wheel Tests

Test No Wheel Pair Load (W) Wheel Separation (.)
(lb) (in.)

181-183 la 150 16.125
184-186 la 150 21.80
187-189 la 150 29.504 190-192 la 220 16.125193-195 la 220 21.80-. 196-198 la 220 29.50

199-201 ia 300 16.125202-204 la 300 21.80-- 205-207 la 300 29.501 208-210 la 350 16.125
211-213 la 350 21.80214-216 'a 350 29.50

217-219 lb 150 21.80
220-222 lb 150 29.50
223-225 Ib 150 41.75
226-228 Ib  220 21.80-- 229-231 Ib220 29.50d232-234 

220
235-237 lb 300 21.80238-240 lb 300 29.50241-243 lb 300 41.75244-246 lb 350 21.80
247-249 Ib 350 29.50250-252 Ib 350 41.75

253-255 Ic 150 29.50256-258 Ic 150 41.75259-261 Ic 150 54.0* 262-264 Ic 220 29.50I 265-267 I 220 41
22 4.75268-270 Ic 220 54.0

271-273 Ic 300 29.50274-276 Ic 300 41.75
277-279 Ic 300 54.0.1 280-282 Ic 350 29.50283-285 Ic 350 41.75286-288 Ic 350 54.0
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Table iI (continued)

Test No. Wheel Pair Load (W) Wheel Separation Mt)(Ib) (in.)289-291 1 i.
: 2.-2 II ~j4 150 21.80292-294 i 150 29.50295-297 1i 150 41.75
298-300 ii 220 21.80301-303 111.80304-306 

220 29.50307-309 ii 220 41.75
307-309 11 300 21.80
310-312 300

30031 29.50313-315 1 300 41.75
316-318 11 350 21.80319-321 II 350 29.50322-324 3505

325-327 I 150 21.80328-330 Ill 150 29.50
331-333 

ii1 150 41.75
334-336 111 220 21.80337-339 111 220 29.5o
340-342 Ill 220 41.75
343-345 Ill 300 21.80346-3118 111 300 29.50S349-351 111 300 41.75352-354 iI 350 21.80355-357 I 350 29.50
358-360 I 350 2I.75

JL
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TABLE IV

Summary of Single Wheel Tests

est No. Wheel Pair Load (w) Pass No.
Tet .(one wheel only) (Ob)

361-362 75 
a

"! 363-364 la 75 2
365-366 a  10 1

a36T-368 110 2

369-370 a 150 1
3aI-372 a 150 2

31-374 a 175 13'5-37r la 175 2

377-378 ib 75 1

. 379-380 lb 75 2

-. 381-382 lb 110 1

I "-'b 110 2
385-386 b 150 1

387-388 150 2

38-9 lb ,75 ,
391-392 lb 175 2

393-396 Ic 75 1
395-396 Ic 75 2

397-398 ic 110 1
- 399-4oo Ic iIo 2

4oi.,1w IC 150 1
403-404 150 2

405-4o6 !c  175 I

IW"40C 175 2

c 5
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VI. RESULTSrThe results were tabu!ated and will be found In Appendix IV.

The linear average of the three test values were used in computing

Fthe Tr terms presented.

F
F

II

i II'
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I I VII. ANALYSIS OF RESULTS

I A. General

Each of the general functional relationships previously de-

veloped contained an unknown equation constant and unknown exponents

t for each TT term. The results of the i2sts were evaluated to deter-

mine these unknown quantities for each relationship. Only the dual

T1 and tandem %heel motion resistance relationships will be discussed in

detail. The dual and tandem wheel sinkage relationships will only be

outlined as they were determined in much the same manner.

7 B. Motion Resistance of Dual Wh3els

1. 11 (R/W) and T3 (s/D) ftelationship

The tests were designed to be conducted with five sets

of wheels, three of which had an aspect ratio (b/D) of 0.26. The

I aspect ratios of the other sets of wheels were 0.225 and 0.297 (see

Table I). A plot was made of log Tr vs. log n3 for various aspect

ratios and weights (Figure 13). A close examination of the plots in

I Figure 13 reveal that, in the case of wheel pairs Ic, III and the

lighter loads of wheel pair ib, a line connecting the data points

would be concave downward. On the other hand, the data from pair 11,

and the lightest load of pair la are concave upwards. Other configura-

tions 3ppear to lie in an almost horizontal straight line. Further

J examination of the plots of the other configurations tested (Figures

192 23, 2T and 31) reveal a horizontal straight line will yield the

jbest overall fit to the data. Thus, though there may be a somewhat

more complex relationship, for the rest of this study it was assumed

I
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that the data could best be represented by a horizontal straight line.

R
Thus the q ratio did not vary with wheel spacing, or it varied so

little, within the range tested, that its affect was within the data

scatter. For this reason the exponent of the -3 term could be set

to zero and removed from the functional relationship of Equation (19).

The plots In Figure 13 do not overlie because, for the various weights

tested, the T-terms have different values. To collapse these curves

we must therefore examine the relationships between TI and n4,n+2

All 2. Ttl (R/W) and v4 (k b /W)

In order to generate a relationship between ITt and T.

we took the intersection of the horizontal fitting line of Figure 13

with the n, axis to be the representative IT1 value for the wheel

pair and load under consideration. This representative value was then

called nl" A plot was then made of log -1 vs. log q4 for each set

Tof wheels, (Table V and Figure 14). In Figure 14, since all n-terms

for wheel pairs la, lb and Ic are equal, the three lines should

overlap. This they clearly do not do, thus indicating model distortion

either to the effects of d.ssimilar slip or to other reasons.

From the measured slope of these lines and each line's intercept

at log 1, the following relationships were generated:

Wheel Pair la; TI = 0.66 n4 (241)

Wheel Pair Ib; ir1 = 0.81 Tr"0.9  (25)

Wheel Pair Ic; TrI = 0.91 n4"0.9  (26)

Wheel Pair II; Tr, = 0.54 r4m;0.9  (27)

Wheel Pair Ii; IT1 = 1.01 T (28)

I
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: , To continue the solution of this problem the relationships for

fthe three wheel pairs with the same aspect ratio must be collapsed.

This was accomplished by plotting the coefficients of Equations (211),

(25) and (26) (called c) vs. the wheel width (see Figure 15). From

Figure 15, the following relationship was generated:

c 0.32 b0"S1  (29)

When equations (2) to (26) are divided by this relationship they

collapse to the relationship:

'TT =TI 1  (intercept) 14-0.9 -0.9
I = bo5 s~ (30)

ca 0,32b 0 .54

Note that the new relationship was designated TI. Now, since

Equations (21) to (26) were .'vided by 0.32 bo" 4 Equations (27) and

(28) must also be divided likewise:

, TI 0.511 -0.9 0 . 5 4- 0. 9
0=0.3 0-0.9 (31)- =  °  '  a' -0 7

T - = 1.01 =~J0  l. .... = 1.1 -0. (32)
0.32 b 0  o.32(6.2) ° 'O*

[ Equations (30) to (32) are plotted in Figure 16.

3. TTi (R/W) and T (b/D) Relationship

To complete the functional relationship, a plot was next

" made of loq 7T1 vs. log Tk at a constant value of T4  equal to one

(Figure 17). From Figure 17 the following relationship was deter-

mined:

A
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1.7
=I 9.75 (33)

4. Complete Functional RelationshipIt
Since two relationships were known for iTI , they could

be combined by tne technique presented by Murphy. (See Appendix II).

,( . q4FT, ( 4091.7)

il -1F(,) F(Fp,T)F(T ,T) _ (1 '0"9)(9.75 .7
~~~F(%, +

iT.i 1.T r4-0.9 (34)

)" but, from Equation (30)

;I C T1 (30)

; ITherefore:

iT1 = 0.32 b° 5(9-75 T&' ITo)
=3.12 bO'54 1 " I- -. (35)

'1 T
15. Modification of Functional Relationship

It was noted that the constant and exponents of Equation

(35) were decimal fractions. These numbers are probably subject to

experimental error. Therefore, for simplification, without probable

loss of accuracy, the equation was modiFied as seen below:

3 (36)
1ij,

..
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Expressed in terms of the problem variables, Equation (36) be-

comes:

R= 3 (37)
:',~ ~ k D1"

-. To determine how accurately Equation (36) was, the corresponding

values of b, T and m4 were substituted into it and plotted in

Figure 18. It will be noted that two points for wheel pair la were

very poorly predicted. These points were for the 300 and 350 pound

loads and each had a very high skid rate.

6. Comparison with Bekker's Equation

11Bekker derived an equation to predict towing resistance

of any rigid wheEl. in homogeneous soils of any type. His equation,

with n = 1.15 and k = 4.7 is

S1.3
R = 0.55 3 D(38)

b* D

For similar data, Equation (37) becomes

W2R b1 1 5  (39)

It will be noted that t t Equations (37) and (38) are of the

same form, however, the constants and exponents 6iffer greatly. This

difference is probably due to the fact that Bekker's Equation was

derived from theoretical considerations only, and was not well vali-

dated with experiments.

It should be noted that, in our experiments, k was not varied;

hence there is some uncertainty regarding its exponent in the

I above equation

~*I
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I
C. Motion Resistance of Tandem Wheels

I m (R/W) and TT3 (AID)

T As described above, log plots were made of I vs. T3

for various aspect ratios and weights (see Figure 19). It was deter-

j ~mined, as in the previous case, that the R/W ratio did not vary wit-

spacing or varied so little that it was negligible. For this reason

the exporent of the term for tandem wheels was also set to zero

and removed from the functional relationship of Equation (20). Simi-

larly, a representative value of Tr] (designatid I) was read from the

plot at the intersection of the horizontal fitting line with the T, axis.

n+22. Ti (PW) and Tr4 (kb n+/W) Relationship

A plot was then made of log Tr1 vs. log r'4 for each set

of wheels. (Table V1 and Figure 20). Once again the lines connecting

all of the points for each wheel were drawn parallel to one another.

I From the measured slope of the lines and each line's intercept at log

I, the following relationships were generated:

Wheel Pair I

Wheel Pair Ia 1 0.42 "T4
3 9  (40)

L.Whe-I1 Pair i iT 0.388__iTr 0.39 (10(41)

Wheel Pair Ill 0.469 039 (42)

It will be noted in Figure 20 that the data for wheel pair Ic

falls far away from that of la and lb. These points were determined

to erroneous upon comparing them with single wheel resistance readings

L_!
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t for the three similar wheels. The tandem resistance read ings for the

large wheel were 25% to 40%/ lower than those for the other wheels.

These points were therefore neglected in the calculations which follow.

Since the points for the two remaining similar wheels fell in a

single line, there appeared to be no distortion of motion resistance

due to scale effects.I3 ;l (R/W) and TT2 (b/D) Relationship

To complete the fun'ctional relationship, a plot was next

made of log ;TI vs. log Tr2 at a constant value o-; w4 equal to one.

From Figure 21

7,'2n2 '66  (43)

4 4. Complete Function ReIationship

-. The complete functional relationship then becomes:

" F(; 2, 4)F(n ,0.) (0. _2TT4039) (0 66

I F (r. 2 Tr4 ) - , (F42 r (T2 f( . 2 r
F. F( 72,' )  0.42

I .020.O_66 T -0.39 (44)
I .02rr2 -6

A simplified version of Equation (44) would be

; = T2 2/ -/ (45)

\i Expressed in terms of the problem variables, Equation (45) be-

comes:

II
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F W4/ (46)
D2 / 3 k /3 bn/3

Figure 22 shows a plot of the measured values of 157 compared

with calculated value utilizing Equation (45).

5. Comparison with Letoshnev's Equation

otn Bekker presented an equation iI Introduced by Letcshnev for

motion resistance of tandem. towed wheels of the same width. The

ti equation based on a value of n equal to one-half is:

R s 1.6 W3/2(7)
b5 kl/2 D3/4

Equation (46) was expressed In simliar terms and n = 1.15 becomes:

R W3 (48)

bO3 8 k 1/3 D2/3

D. Sinkage of Dual Wheels

An analysis of Trl(D) vs. TT3 (o ) shown in Figure 23 also

Indicates that the exponent of fr3  is zero. Then a comparison of

TI vs. Tr4 , shown in Table VII and Figure 24 yields the following

relationships:

Wheel Pair I
a

Wheel Pair Ib  ; ! = 0-218 r4 _1 (49)

Wheel Pair 3
C
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Wheel Pair - 0.155 T"" (50)

Wheel Pair III ; = 0.269 Tri1 ! 1  (51)

Figure 25 then develops the relationship between and 72:

; I 2.73 n2l"9 (52)

Hence, the final relationship becomes

F (r2, r4 -F(; ,r 4)F(Tr 2,; 4) (0218T4-
1-11 )(2 -731T2 19)

1 " F(t2', " 0.215

- 7 .9 4 111(53)

which can be simplified to

[ = 4 (54)

or, in the problem variables, to:
3W

bn 3W(55)
bk

Fig;.re 26 shows the accuracy of Equation (54). It should be

noted that two points for wheel pair ia were very poorly predicted.

These points were for the 300 and 350 pound loads which had'a very

high skid rate.

Bekker's prediction for rigid wheel sinkage, for k = 4.7 and

n = 1.15 is

;
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0.53W
6

z =_6 .3 (56)
b .6D

but cautions that, for dry sandy soils It would not be accurate at

high slip rates. For similar values, Equation (55) becomes

o.64 w (57)

E. Sinkage of Tandem Wheels

Since the front and rear wheels of a tandem combination may

jsink to different depths, the analysis of the front and rear wheels

were conducted separately.

For the front wheels, a log plot of TTI(4) Vs. Tr ( ) again

* demonstrated (Figure 27) that iTI was Independent of Tr3 and that

the exponent of 3 should be zero. The data of ;, vs. Tt4 (Table Vill

Iand Figure 28)show the following relationships:

I Wheel Pair I

Wheel Pair Ib = 0.3 74-772 (58)

"- Weel Pair I

Wheel Pair Ii ; 1 = 0.244 TT-0772 (59)

Wheel Pair ill ; 1 = 0.378 T4"0 "7 72  (60)

From these equations and Figure 29, was genersted

T 2.36 T2 (61)

Finally, the complete functional relationship becones

I
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ii -0772153)
i~r F ( r2  FT r,4 ) F(i( 1 4 )  ( 0 . 3 1 . - 0 . 3 r2

I 0.T (2r 2.36 2 -o (62)

Equation (62) may be approximated by

= 3/2 T-3/4 (63)

Or, in the proble, variables, Equation (63) becomes

ZF = 2,2-T5 (64)
DO.5bOT~nk 0.75

A comparison of Equation (63) with the measured data is pre-

sented In Figure 30.

Bekker's prediction for rigid wheels with kqC = T.7 and n = 1.15

I s o .0 5 3 o .6
0 = (56)

b ° 6 D ° '

For the same parameters, Equation (64) becomes

= 0. 7i C 7.W 5 ,(65)F o . 86D0.5

For the rear wheels of a tandem pair, a log plot of ir1  s OI3

also predicts that the exponent of Tr3 should be zero (see Figure 31).

Table IX and the corresponding plot (Figure 32) yields the following

relationship:
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Wheel Pair I

iWheeI Pair Ib I = 0.275 T4-0.662 (66)

Wheel Pair I
c

Wiheel Pair 1 0.23 ; -0.662 (67)
Wheel Pair 1I1 0;3!8 = 0.30866 (68)I .From these equations, Figure 33 may be generated, yielding

!= 1.2 7T2  (69)

9Finally, the complete functional relationship is:

T 1 n F7 w2 1 4) F(;2914)F(Tr2'7T4) (0-275 Tr4 0 662) (1 2 1.1)

2 ;4) 0!'274

" != 1"272l' 1 - 0.662  (70)

which can be simplified to

ITT; I .12 "nT2 n;2/3 (71)

In the Problem variables, Equation (71) becomes

1.2 W23

ZR "k2/3(21 I)1/3  (72)
Interestingly, the parameter D is missing from Equation (72).

Equation (71) is compared with the measured data in Figure 34.
Agreement is relatively good, but all the data appear to be a little

higher than the fitting curve.

I.
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" I Again, comparing Equation (72) with Bekker's Equation (56),

Z =-bO.6 D0 3  (56)

for the same parameters, Equation (72) becomes

ZR (73)

I This equation is quite different from Bekker's. However, Bekker was

not attempting to predict the sinkage of the following wheel of a

tandem wheel configuration; hence no rational agreement was expected.

[ F. Single Wheel Tests

I. Comparison of Dual and Single Wheels

Tables X, Xl and Xll show averaged data for wheel sinkage

and motion resistance for Wheel Pairs I b and Ic, respectively.

The dual wheel results are an average of all tests for a given weight

as it has been demonstrated that the wheel spacing had little or no

Leffect on the results.

Data contained in Tables X, XI and XII show that the sinkage of-
dual wheels was generally less than that of a single wheel. For Wheel

Pair Ib dual wheel sinkage was approximately 30% less than single

wheel sinkage and, for Wheel Pairs Ic, it was approximately 14% less.

However, for Wheel Pair Ia, dual wheel sinkage was greater than single

Iwheel sinkage except at the smallest load. A probable cause for this

occurrence was that the skid rate for the dual wheels was approximately

10% higher than that for the single wheels. The skid rate for Wheel

Pairs lb and Ic was approximately the same for both dual wheels and

/-

i
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Ithe single wheel.
Data contained in Tables X, Xl and XII show that the motion

resistance of dual wheels was greater than that of a single wheel.

The motion resistance of dual wheels for Wheel Pair I was approxi-

mately 47% greater than for the single wheel. The percentages for

[i Wheel Pairs Ib and Ic were 40% and 23%, respectively.

2. Comparison of Tandem and Single Wheels

Tables XIII, XIV and XV show averaged data for wheel

j sinkage and motion resistance for Wheel Pairs Ia' Ib and Ic, respective-

ly when connected in tandem. These tables show that for Wheel Pairs

I b and I the rear tandem wheel sank slightly deeper than the front

tandem wheel. The second pass of the single wheel also sank deeper

than the first pass for these wheel pairs. The front tandem wheel

j sank slightly deeper than the rear tandem wheel for the three highest

weights for Wheel Pair Ia. The first pass of the single wheel also

. Lsank deeper than the second pass for all weights for this wheel pair.

S!"The probable cause of the greater front wheel and first pass sinkage
I for Wheel Pair No. I was determined to be due to a greater amount

of rut refill from the loose. flowing sand. A comparison of Figures 35

and 36 will demonstrate the difference in rut refill. Figure 36 shows

one wheel of Wheel Pair I making a second pass while carrying a load

of 175 pounds. It will be noted that the sand had filled in to the

center from both sides after the first pass. Figure 35 shows one

wheel of Wheel Pair I making a second pass while carrying a load of

175 pounds. In this case, it will be noted that very little rut refill

I
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had taken place after the first pass due mainly to the greater wheel

A[ sinkage. It was felt that the second pass of the wheel from Wheel

Pair I did not sink as far as the first pass because of the excessive

amount of rut refll and the soil compaction created by the first pass.

These Tables also show that the single wheel sinkage was 25% to

45% less than either the front or rear sinkage of the tandem wheels.

Since the load for the tandem wheels was exactly twice that for the

single wheel, it was concluded that the difference in sinkage was

caused by an unbalance in the distribution of the load on the two

wheels caused by the moment of the motion resistance on the two wheelsF! about the mounting plate pivot. Instead of the load being divided

evenly between the two wheels, the front- wheel was loaded with more

than half of the load. This meant that the front tandem wheel was

subjected to a greater load than the single wheel; hence the front

tandem wheel sank deeper than the first pass of the single wheel.

The data contained in tables XIII, XIV and XV show that the

!motion resistance of both passes for the single wheel was approxi-

mately 17% greater than that for the tandem wheels for Wheel Pair No.

1 Ia* This was caused by the large amount of rut refill coupled with

the fact that the single wheel was subjected to a greater load during

the second pass than was the rear tandem wheel thus causing more

motion r6sistance. For Wheel Pair Ib the motion resistance

of the tandem wheels was greater than that for both passes of the

single wheel for the two lowest weights. For the two higher weights

the resistance to motion was approximately equal for the tandem wheels

L

I
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F
and both passes of the single wheel. The t~ndem wheel motion re-

F sistance for Wheel Pair I will not be discussed because the data

was neglected as erroneous (. par. VIic,2).

F

1
F
I:
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VIII. CONCLUSIONS AND RECOMMENDATIONS

A. Conclus ions

It may be concluded from the results of this study that a

similitude approach may be utilized to develop functional relationships

with which wheel performance in dual and tandem configuration may be

predicted. The study demonstrated that spacing of the wheels had a

negligible effect on sinkage and resistance to motion for both dual

and tandem towed wheels in sand. A comparison of the prediction equa-

tions from this study with those developed by Bekker showed that the

equations were all of the same general form but the constants and

exponents were frequently quite different.

A comparison of single wheel tests with dual wheel tests showed

that the results of this study generally agreed with those of Roma

and McGowan.

Comparison of the single wheel test results with tandem wheel

test results was difficult because of the uneven load distribution on

the wheels in tandem configuration. This study showed that it would

be difficult to predict the performance of tandem wheels mounted In

a bogie type suspenLIon with multiple passes of single wheels, because

ti-, '-.4 distribution on the wheels would be different.U .ecommuendat ions

It is recommended that no further tests of this type be con-

ducted utilizing towed wheels. Tests should be conducted, however,

utilizing driven dual and tandem wheels. The tests should be conducted

in at least two different soils to determine whether the similitude ap-

proach can be utilized under conditions where k and c are not zero.
c
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[
r APPENDIX I

Carriaqe Velocity, Wheel Velocity and Skid Rate Calculations

A. Carriage Velocity:

V .(Number of event markers passed) x (1.5 feet)
Vc (time elapsed in seconds)

[. B. Wheel Velocity

I. Dual and Tandem Wheels

(Number of wheel bolts passed) x (Circumference of wheel in ft)
w= (time elapsed in seconds) x 4

2. Single Wheel

= Number of wheel bolts passed) x (Circumference of wheel In ft)

[w -(time elapsed in seconds) x 5

. C. Skid Rate

8 - ,ox C Vc

C
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i
Appendix I1

Calculation of Tandem Front and Rear Wheel Sinkage

In tandem configuration the two wheels were mounted on stub

- axles which were then bolted to a 61" inch long steel plate. The

sinkage at the center of the plate was the sinkage measured by the

recorder. To determine the sinkage of the front and rear wheels the

movement of one of the ends of the steel plate was measured. By util-

ii izing similar triangles it was possible to determine the sinkage of the

-, front and rear wheels

Id 30.5"1

I _I

_ _ Center of Wheel Hub

SI Figure 37. Sinkage Calculation Diagram

-- By similar triangles:

C M rn m
30.5 -. /2 61

Sample calculation: L 16.125

c = +.16

i I Z = 4.1

4'



F R- 1536

[ 90

F
m (0. 16)- (16. ln2. 0.0423

M ac 71 6 1 "

. z F = z c - m ='.1 - 0.0423 =- .05TT ,.06

F zR = z c + m ,= .1 + 0.0423 = k.. A2,?3 4=I.14

[-

I-

IE
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r APPENDIX III

Procedure for Combining nIT Terms by Multiplication
1

T General Equation

Tr = F( n2.. q ) =F( i~j Tr) F( TT2, .

-where:

= (relationshir) gnerated in terms of
with n held constant)

-. F(nT,;1) = (relationship generated in terms of T211 with Ti. held constant)

F(T, )*h = (constant determined by substituting constantIvalues of Tb and 4 into the appropriate

equation)

Sample Calculation: (From DL Wheels - Sinkage)

F(;,TQ= 0.218 4-1.1126oF(ii,,h 5 ) - . h8 -4 l (r = 0.26)

F~~;)=2.73 Tr 1.9 1)

= 0.218(1)'. 11 = 0.218(1) = 0.218

F( 2,% ) = 2-T3(0.26)1*9 = 2oT3(0.0775) = 0.212

* "'" F('r) = 0.218 + 0.212 - °215

The F(1R,m 4) terms should be equal when calculated with each of the
two relationships. If they are not, their average value should be
utilized.

7
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I APPENDIX III (continued)

- (0.218 T 1.'" )(2.-73 T1.9)

0.215

I r= 2.77 T 1.9 -1.11

-1

F

-iL

3,
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APPENDIX IV

io

t1

Tables of Test Data

Ii Test Data Is Contained in Tables XVI through XliII

U

will

°ii



R- 1536

~.Oirl%. a~o-'. -- moo 'o~ 'or~-~a~cr0 4rvU,~ -4o C! r C!
ca .Q0;L -. CA * * lor h r -

mvr' M f~v mmmm M m m M 4L(A LrI -t -T.rr .

cucmc

4J5

0 2 .)

S3 > 0 0 0 \000

a- 0000 0\ 0N 00

0 0

0 cc :3C 0nc
M . 0 N R.NU
E 0w

0 0- - 0 0 0 0 0 C ;C

W-00 0 00 Mo C - 0
u )UNP L cc1% -\O t- I CfUNr- \0 %D 1 0 l- I

0 L *J -O - -O ' I 7-03 -03031 I Ot.- I -. . - I -O.0'l I0 ~ ~ ~ C *; 0 ', o - I - -I U 0 I 0 0 0
3C 4 4-00 0 0 00 000 0 00C

x Fl 4J~,~

mL. Iu - 000 0 00M44CUMMr-0 000-- Na

0 .UN 0 -c. L \ -T 4 4 Mur reir'-oA - - -r - 0 -

. .. o~ C (A CO - a% COa \c.D L rnCl
Mi V% N ~ 0 03 03 -U LA~ MN cvm -03 Mrv UA C)

% - - - 0033 *03030303 c o C a 03i CU
0 X

E

m C*(j( C m- - -r~V . - C3300 CU \J v 1 1

-



R- 1536

0 t-\0. Is00~0 0.M Lt,-C 0 -C 00G c -.oC-c0 LLr C 'I.2EC

%LA LnLA nU Ln LAr U% LA'.DLA L Ln L LnU% W ALnUN

t. Au A\ A10 Ln LA\ LA

0&I

En C

2 *.0

0

o C 0LA 0LA\

> 00 0LA 00 \.0
0n m Ln

N

4- I E

u co 00LA 0 LA

C J mLA LA LA \10 LA 10
0 0; 0; 0; 0; 0

0
4-

a. *-
0 n0 .0 \O I r-0 -I 0'ri 1a 'oor*- I r- r- r. 1 000000o

C90 .~-.o 000 1 00 1 00a0 I 000 1 000 1

0C(' 4-000 0 00 000 '000 000 000 C

m :.\ 0000 (A #O' ONCnW\0 - - \D 0 J\ CJr cfIN -04
0. En - -.. I - I --- D I k U -- CU *-- a% Ck CU 4

-AV k D ' r 0 4-0 000 00 0 00 000

>1- 0
x* E

E - n L Lr .0tA. Of n A LA Or 00 000 * 01 AU UI LA *o 00 00.o
- U -.00m~OLE\r. s0~0Y r''0 0~OL - L

.0a N4 a; C---------------------'.0 C'JCC' 4 CJ-0 0; o; 0; ff

n E

4JJ

EU U\ >C onLAAL LALAL 00000000 LAALL > AALL - OI > 0t0CC)O
0- - 01100 cu --- 01100 C~ccu cn m m n n c



F R- 1536

96

cu--- - -- - j 030-0 03u0 Cm U303
C% I C M - QC

1co

110 \0 \0r z
4J \L Ln UL LA Ln LA

cm CCi 0u cu 0u N3C

0 U\ . .

I-0.0
*-0 0. 0 C

§ A C; C;l)

0~ en 0 P0 0N 0

* - gC 
\

4- r
o1 c71k Ii CUR I. 03 D -3 T

4-0C;0 C 0 0 0 C 0 0 0 0

-)LA 0 .uL

)- coLA 0 M f\ L% r c0c '.0L N'D 0 3 %,0 \ r\

V0 \0r,\ l 1 l
C) \0 \0. \0o IA %,o CODA OO A O 0 O ' ~ ~ r-

U 4-000 0000 0000 0000 0000 000.

0D ( L -0 030\ '.'O.f'f ON- 0 3030303 Lr - W l-Cjr
I- L)cc .'0.'O LLLL ~ 4 .'.'0.'0 LLL~I~~z~

X 0 (0 * ;r 4\Z 0 -0 U U 4C 0

E '-3m0 0 0. m - cu .I j Cj- r \U LA AL L in30 0 V% LA LAL

IAI 4 1 .*

W- U) J 0 U 0) W~ oZ\ o ---- 0 \ C 0\ .

E-UCJWCJ mC;1 AU L C.- a;c C4 C .414,4 LA LALA U

0- I
o ,o i> o -(j : r , ,o > a )->c3m-

I m < - T-r 4 :1 : tL\ f r AL



R- 1536

97

0 04 4L n~ r' 00r~ LA o Nr-. .v' 0 ' U.

-tC \ L n-

Co 
-

-4 U; 
C4

0. Cuj 2 0

C; CujC~0. 
0 C C;

11j LU
00C

10 0 0 0o40 C \0 \014.o C; 0
0 0u C C Cu

0 00

L. C;C ; Nr
0--

C;

~-I 
\C) 0013J -.. . I . I .T T .t

4-C0 
00 00 00go-~~C C; C; LCu Cu -; CO oC; " C.-;O .

Q 
L 0 N-..WJ U)0\0 00 

* 0(N\o L : ~

NU~ LoxC) o C )afu 
a 0 )r- o Co.

F, N4 CuJ 0N cu
0 C~

*.t4. U\O'\ 
LA

L 
L \D\0\b o L\ K .L CuJCuJCuIu cl , ,o\E 'U; C a[ 0-

L -( 
j a 0 

u m n m L \ L \ t % Lm0 4a_ (A0'\ I 14C 0 Y
4 )ZI\ L \ U n t , U c n i f \ o m r , O ) m c ~



R- 1536

98

CU 3 0 L"a% CO -O ON a% N. a% 0fn0 00Jc-. m co ta%CUj

co0

0 0 CU0,U0a

N! -4N .A .n .

0 0m
CU C; -; C;

cu m cu c c0
4- LA NU~L U 0 0N

E; .- 00

a co ~ ~ r~n ~ 8 Y
.000

0 N 0 C -\0 \0A 9C C~v C! C!D
( .\ C;00 00 00 0 0

0)0 
0

00 4-I, c
0 4)

CUC C UCCCUU CUCUC;

4 ) -

4-, 4)1 - -
di \D 4- 000 r-r.r.- 0 0 C>u 0 0000

OW LACCU.: cu *cur. L." \4r C CU m cu.4
4J .. .- .

4- 0C 0 ~ C ; C; C ; C C

4),c \a mL nT Lr .- mc cn fcoco Wcr, CONO co co 4m c11 mc 
u ( CJ C t

in 0 uIic ~

'i L
0 U L t u 0 \ 0 0 AC Y 0$ N\



R- 1536

U' 99

0
_CJ 1'-- LA OD r- r. rN 0 Ol en~ r- 0 OD M Ln UN %*f r- C Y r- \D - 00

-o.- - .'~ .~ 0 . .- ." .' 00 .v' . .~ .A4 .v .A . " . . .f .
ONO naIIO a nU t- -N' n -- M-m

1 0

4J' '-.. LAN LA Ul% LA LA

f CU U ;CU U CU C;

-- % 0 .

* 0
0- C UC0' UC

0- U ) - U--
m 0N 0n r-

0 0C0 0 00

4) C;..C CU C; E

0 -
0 Mn LA\ LM L OD

IL~~~~~ 41 .

0

0 0u r- OCNLA 00 M-t En m cu CO f-S CU 0C fOLn0
43. 3: t u% I4 CU (n rn I LA ff% I m- E n I CCU m -t M CuI

- CD 41
0 0'1 '4- 0 00 000 0 00 00C>0 0 00C 000a

- 0t' Cn .-tCU 0 ODCC 040'%4 CU 0 OD 0
EU -Q u 0n\ON-A -T 4U, I r-.LA%4 \0 U.N I r- -LAS LAt

4-4 0; CU C; '-; C;.- Cn C; 4.4 C;4 C;ALL C;\~l~f

OD- 0 0 .. La 0, M0 r- 0- CU LA LA LA LA% 0UN LA0 %000N.0000

La C CO\.)... .''0'' 0 . 0 N. N-N-. -0 0000.
F" ~ -00 0 00 000 0000-------------------------- 0 0 C

cu m n- :-E T- 4U\W r r 0\0k 0 % DD%

#A m
a-'1- LA LALA\ LA \'O\D'.D LAULALLA \0 \.D i0'..0
0 ci) r- N-N-N- LA\LALLA 000 N- N-Nr-N- LA LA LA L. 0000 CC

EU '-CCCUO -r- 4 -t.4 N-Nr--Nl- UMCM CUjCU -t 4.- N----
L.

(nI 0 - 0U 'eN > --k LrI\O > N-CO m' > 0 - CU 0) f n- LA, m \D Nl-CO 0)
- 4)Z0 a\ o-o-o cr a-%o4m < oa %o-~ 000oc > 000 c > 000) >

< <-



-[ R-1536

100

0 oll - r1 \0O\O\OD\O l C- N 0 0 OC C~jct - CD co
Cuj - I .* . . s ., *. I I
CUj a* 0\p iC c~jo e ot IA C~ U;l LAC C I cv I C4

m r n r ciicu cUu cm CUj

o~ 0+ 0 0 C>

I.% Ut LA LA% !.f
4-' 0v CU CU CUCU Cu CU

U .C U C U C U C U C U C U

0 ) 0 a%

LA 4m r lt

[ 4C; 0

O > 11 CUj co\'.
00 0Co C> CUC4

g C.) C; .; .;

u at 0v 0u 0 0 \0 0l

U- U2c -

0. * or C UC; L CcV - ; LAON C

0 4. . .
or- 1- o 0 0 0 o

0 4

Eu N- C'0'. oco C;U'.D'C00 Ca

to \0U %0 a I CD f, f- I r-\ 1 5 50 1-- 5- I ~ t a \'0 a I

0 4-0 0 00 0 0 C 00 0

- E
x U Eu .- ONE \0 - (o.c kDO ' .D) - N ar- c0 enio r--mv CUC o LAU

x cr-. t- w.0 *. . . . . . . ..61................ . .. .. .. .I....
o mu -cu\ aCUaa 0O4N.l I,-CUM1 s :O 4\0D aLn r4 - LA rLn I -

-0 j
.0 CU Or 0CjO i C A r o C -c >\0 0

N- aa- C I r,-0\ LA o \OCUUO r 00 LA NC) CO D 00 N CO\ 00 0(j \
ca N C; -CO I N. \00 . N-c C; N- 00 a; 0 C; COO C CUC aC

t Lr\LA LA% LA LA LA%I- ..- CUU C UjI l \DO.O \O CUC cu CU \D0 .\

0 l C0C ai 'sO 1 1 'AALL ; 4 L lC 4 1.4 \0C 1; LA -ALA LA LA I 4

4.1 o -............... C; cm m..................................- -% \
0 '-CUCU CU Oj >AL LA (MC CUJ > AA

L l- C-1 > > > <> < ---



R- 1536 
101

m c 4 1-koON 0%00 c _r : m~ f- 0~0 ) 00 LA

Ie II% 33- IIN ~UN LA N-'a co fl a LA I LM .40cu cu cu -cu

+ U% A UNLA L
C a 0 r- I,,3%

Ol -V

0 _j al. cucucu
LO C; Cr

0a%
oU U

.0-0

LA 0 N

4: :x 0 00 0 0O0

mU E-.Tc j

0 U)
4- 4)

CLI

4- 0 000 00 0;CC 000 000

03 -0 0 3%. 0 -LA Cvv.\ \0 r 0 LA cn %\O
>0 Iti~ I rr. ls- I A 11 nP- sItN 1

I. 4J * * *
4) E 4- 0 00 000 C ; 1; ;C 0 0 0

I EE
Ex U m:0 0 d \ 00 a i \D oor % )C

I--



r R- 1536

102

5o m

zu 0; 
'sa 06 U Jr

\00 0 0

4 \6 6 k

a 
01.0

f- 
Ch0 0n

9^ UN cucu - 0 0%*C

6) 
0-C; 

C; C C; C
*U' 

C;. 
=

J- 41C C;u

S.. co.5o 000 0 0 0
to I

a- 01 \ -S

e r \ ,o 0 0 " 1 0 0 0 0 0 0 0 0 0 0 00C %
-'~~~~ 

a) M- 
c 0W 

O fn 
4 

0~ ~ f - L A O L A0 . ~ fl '. 0 . 3 -. g ' ~ ' ~ t ' 1 1. r - '. .' 0 .0 .- .' .1 0 . . '. t . o .- 'o 4L% M &q @ 
*0 

0 
*o 

%; 
*i 

.*C
m. C -a5 ONMtc

.4 0' 4 0 0 0 0 0 0 00Ucc r AU10 0 0 000 C
tf \% D .

'n L' .-.. 4lcu 00U \o ' C %Dg~ rLn u '. 0Clc ,.- tnc ,A\0 0 \0 \ tn Cn in~U U' 'U CU'CU C'V ' ,0'0' 0 \,'D 1. r) %0\1 "D\ In% NV A -

L< - - - < <u
3 tu 

i ~ ' 0 . '~



R- 1536

o o Ln 0rl- r- M\D o 0 m a% alM 0 r% WLC %r-

-- 01 01 C 01
-C 01 u 01 -u -u -

+ 

0

-S..

0 0a0% 00

Z. C> CUI.LI 1

0~ ~~ C* Ci- .

* - Mg cu LflI

0 0

r') cu (' 0 0 0 0 co 0 a >

00 1 Z~ % \D 0 ' 00 - - \

. 1 0. .7 057'
4 .) 4- 0 0 0 c a 0 0 00 0C>0

0

X r.so C)00 000M00 00C 000 0000 0 >00

0 CU C.)

L- 0 CU -Lf0t -0%10 0CU J 1-t0 W 10 a%- 0 \0 tA rI
3 IN >c J- c) a%- oI aoo-- a%%a --- C --- CU -U- - I

A Ln 4.1 t V% . A UN N
C- NCU\\0 \0 00 0 0 0 0 00 01aalw%\0\0 \0 0

C 4.

40 \ ADW0 \0 EU > >.014 -000 r-e -- >o~ rc - o >
F-.1..)u.) ~ W .1 0 0 1 -. C 0 0 -I <1

X)



R~- 1536

ou +A LuAM

C4 o

'F) .0 '.0'
0 . 0 C Cu

0% 0 0m 0

01 c.2 w C0C C

* 0 4 -
0 - 0l \0 OD.'Cu

a C0 Cu C
0 0

L.L

a n0 o 0 0 0 0) C)0 a00- OC -
oz -l ev'J ii% r- c D\'o.LnC % L\ 0 n 0 \

0, a% -, co e 1' n ODP -L C 0 C o, LA 4LI T :r' Cu v T- . lCUa ,a 0 r

L .0

L- 0 M a LultCVF% L\ Ut CLAW L
4.44.4 0 C)C C ; C ; 1 r- tC;r-.r-

oro -:r cp 0 0 (n 1Co -r\ A PA- 00 C -UE~ C Mt...4 'fvc% 4T - -Cu Cu 0 ua u ocoocy -oc

E OU '-C.J CU~uuCJu CU 0C OJC)0 C aCU N uu CU CU

1- cu cu -41..- 0'Oycu (U c~~~ -A~''. - 0-Fl c u u \fic

0L - C JU u CU,\ \C 0 ') uu~ rvccv a%0)0 O M ff n Cn %,0 'i.-x( r- Ec
ING z 0c)c 0O)ci>0 Dd > 0 NcA> c ha Na

-~~~ <.U. - -* -0 <a0 0* 3 * *



R- 1536

105

.- 0 +U LA UN LA

Au - 0 '. CU

on 0 0 a% 0 0
OT 00

.t 't CU CU

LI' 0C CU 0;

.0~c 0 O'.0 01 0

-9 -. CU CUj CU CUC

~1iI O N 00 0 0 0
0' -r C"CU

CU CU CU CU C; C

Q0

C CU --'t T- LA LA tn AL A

;.- CO C) \0 0r

4 C4 . 'A .iC4

oV10\ nr; 0 \ r 0 cor %L 0 0 0

- L. \ ~I'0~. 0 t-O0- I nC LI' 0n 0n I ml 0 CU\ Oi c n '.n'o

C -CU-0 - 0 U\00 0 o0'a l \O0 0C) 0C
IA *- % -4-1- 0 1 CU CJ en- n I 4-4%-AI4-4- t IL 44.4 --

41
Es ifl .- CU '.04 CU -- a 40 0000 (N U % cora C) 0 0 0 0 0 0 -

-
>

- -000 00 0 00 oc 000 00 00
.u *l < ill £3u 033 < uc 53<Cj ~



flI536

106

'.3 
4.

Ch 0 c
0N 0 0 0; 0

cu 
LA - 0

00 
1 - C4 - 0 

-;;C

- U 
0

L. C; ;C C; Cu

a%) co C % ow . r, .-. )3.D C5 0 '
0 0 i 0 

.u

0Or-. t -t z - --1 . .t ,K; C6 0-o - - Co

0

0rl "N 1o'~ 0 0 '.O-r- f- rr o-~ 0003 %.or r, 0 C0 r-. 0 0 -

. . . . . . . . . . . . .

x 00rlr.. . ., r. r-- - - -
4) 'i CL.0)o I C)C*1 IV U) .. n v.C; 3 -

3-r-% C) '.or-..r-.; ; C C C ;~ ~4 Cuoi-;

0% 0, o0 . 000%3 0 0 I o00 
r. 000 \,0 O

c -c o~ 000 0C'Z.JoL% \Lr lf, 0 O00 --.
L- Nr Cr vLe# I . . . 3 4 4 4 I .0 %r.I 0 C r 3 r r r -
m- - o C 

3 - - - - -
I

U)-6 0o0 00 0 f C)uNgMgen0000 
0 00 (7% (D ~ g

0 ti-. > CU J u CuCU > Cucm> al ~rv> cnCNr

'k CuCtu. 
alcUi Xj < C u u~u< W u~CIJ < C CIJ .(M i< w(m(m<



10

-u CU cm. 
Co ci l

C .C; U ;CU U CU CU
4 J0L 

L lI . ALI . .

0 0 0 0 0
4n J4

T. 
co

0 0 C .

4-I

0 0k 0 0a00l
O0 t 0k Col 0 ai
C M CU CU CU CU CU CU

4-

-'0 000Cvi 000 0 oo 0 ,o LA 0000

0: rn 000 C 0-0 %D 0-0 CO m .~ 0
000 0D00 "- - - % 0rC

- CU 000n C oCO OO m0Cm C LoU% it 0ConM-4 UN\0k L 0%-o \1 \1 r- r-,O % rCh~ 00 ~co c ca;C4UCC4C4 C4 ci CC CU CU CU C C CUCU \ C C CU

(n a%0U , 0000r--tcn LA~~~ 000-0 000 M aLA L fI- wc0t- C-toO~ tA AA UNA L A~ \- orIr\- Cooo o- r'% l lAIA -a'--r-ft

4) N1- .7

X C; I 0 t LA0 0) C0'0 11% r- Cr(0)~o Qr\ 0) rswo- r- 0-CU
C- "CUC; CUU C; ; ; C;C; I *? 1CUC; I CUCCU C; ; 0 UC

C3 t



R- 1536

.- cu 00000
+Al

cu 4

cu 91i -- k

'I

II.u 0 '

m nLl0 LA

4 ~ -0 A'0N

! n UN 4
0 N0 : 0 0 0 0 0D 0

- u' cJ :

0 - ;C ;C

IAr Cu -11 4 .L A .n N- IA
0C0 0 0 0

cncu 0-

04~cC 0O1\ M f'.3M

2 pV :C; 0

0 0

.- --- - -- - -- - - c-u NCuOuC en cu V.0

0C 00
* f\4 LA..O LA mLr'.Cf UmOr' . D 000 1, L f\ 04- \ \

N-- tu o oo4.1 o 00 a% 0- 0 - Ut'. co 000 co - ---iqc o

1-0u . C u *k W (N3 *~ m m3 u m .3j _: m *t 4 *r \. 3 * .A .3mm

''O000 n00r 000 L\00T 000 a

Sn-t 4 1 000 1 0-L0c 1A~' Ocuo t1 00'. 000-
N1 C; rf1 rv I C; ; C I C; f 3;C I C; 1l\O I C; C;U I C; C; C;

0 :3 r'- U IO~ .. N-C\ Or\ 00 0 -r 0 Cu ~. o~ a\D C - O~r CO 0 0
0) N c - m I IAI > mc I'34. > r enm I L\\ ' t\ r r C

3n m - C~~~C~Cj uuu uuu uuuIWIQ E 0 0I\L AL\C f AL r



R- 1536

10

C L nLA LA A UN-

O j C ; C ; C u uCuC

D 0;C

03 0 0

0 000 00 00

0 u 
(A 

L) 
(

;0, CC

0~~~ 
C) 0r(cr~(rr~f A~~

0

m C
E tA C Cu C C C C Cuu)~

0 Ic. 0 Cr (7%Oo a 000 3, 00 ) - 0 r 0 0C,0 0- 3

wu 0; C4- * C , k , AL\- . . . .. . . . . . .- 0 0 0 0 0 0 0 0 0 0 0 0 0 n n m rM 0 %0 0
In 

-:r 3n -:r .

00
LL

0.C C u CU CU u C j cu 4 j a l- L~ ja;A~ u C C C c"-. j L A uJCrL

In- 0- 0. - - n - - -r~. - n ic 'e - Cu en rA4 cm e 0 pO 00X)iIEE



R- 153610

U .00

+ 0 00 0 0

.214 4 CU CU CU

LnLA I ~~LA UN

a.f CU CU CkU CkU CU

o CU CU C; UC

o0 01

ON 0
c'j C3-4

000 00 0 040

q. .2 2C

It Ol*u-
1- 00

4-0 - OC C n
0 01 . 0f 0- 0t 0 a% m

4). 01
o 00 00

t- 41

4- 0I04C

0L -t N- 0 m o - , 0 0: )C
03 -.-- CO 0 a% 0: -- C a;" * * - -( ( 3

m *. me 0 M 0 n 0 0U L %. N; , , 0 \0 \0 U

it - - - CN-C4 CO C C C C 4C

o, 0u 00 0~ A 0

t- ~ - Z \ -0 Z F h oC r N- '.

0 ,

L-- C r:~ r (fCMC C) 0C\CJ I CDDL ND IOOO O~U

4 ~ 00 f-~.0 '.i 0 \D 0c 0C)%'~ o .CJ4

;,o NN-N-- ,)OCC COCCCO CCUUj Cr~Af CU-CC
- ioic C 4JU~C CCCC C4 CUCU

ON ~ ~ ~ ~ ~ ~ C 01 Ch CU jc c mo cj(

LA\, 0 En

ON 0 cjCCC u M4 --- N CUL\D

z o \M00 Ma0m> F 0 0 00.\ 0n>a Ao> 00 >00 0>

:2 \ ma NC0(]< c m m<11clm< nc\< M M



R- 1536

ct N-_ Nl N-ll Ln Ln
0l +1 UN LN Ln Ln Ln U%

LA% LA L LA LA Ul%

fn C Cu Cu Cu Cu

Cu M uC Cu CD uC

0 0M
0 0

U
0 0L

oo - - 4

to CU . .

E -tn ( l:
0

4-~ 4.N-N

m 4-.. N 0" 0 : 9 99 99 0 0 0> 0

Urn n a% au (n~ 0, 0

NN LA N- Cu I
-o C~-. ( Cu Cu,,4 C

.1 00 00 0t 0 00

'4- 0.

; o 0 0 C) - C)i 0.4 C.- 000 C30 0. 00

G) C - n cN- -zl I M )nI UlN- I\ \D0O -04- I0'~v OLnCc (tr0' I
-N-N- N- 0'Q9 0 NC0O';ly; C - -Cu41 4,1 u 144u

r, -' m. u C c ' a - cv Cu cvn -r u-\ en \o r- oo c; en- en en e , -T m

aX -' mu Cu Cu em 0% <n eM Cu eM MV' <. mV c 'en cn em <n em n evN <n



II R- 15c36

\D \.O %.0 '.0 '.0

C, C) C)C 0C

0% 0a0 0* 0% 0
t -0

0 41

E \D 0l co 00 0 -

0- -0 C)s 0. 0. c

a.
0 01i ON~ '00

-s0 9 0 \0 0 0
CD 0 00 0) 0 0

4-
0 r

e~cv-14-..t cu cOcuO A.'.'

E C> 0; N

0
4- 4J
I -t0

P0 CU 1,0 - \'JC0C. 3 n 00 a \0 Mok UC)C e 000 rr-r~ 0 0 00 a 3c

.0c r*- '-00 00 . 0 0 nA00 r.000- 00 )o0 000;a;C

CU. CJ .- 'CJ LALALA C C0'0'X U nLAU\ TL 000 _:Cr C'.JLA'.0u 1
Lfl

N %- -E 4- - t- a I n co rf n 3 r-r-- au '.j u '.0'..flr a %\ '.' n m

0 m;; 0000 000 C ~A U 0 r 000 oc UC 00 0 LALA3.A LA
01% m OC (MO enALL -T A f\-sUN\ \.O O L PULr \D \D \D \

00 U~0L'N . C 0 0 o - Cuj c.0 m0) c 4- LAn4 _:t CDo ) 0 CU )
5- rA rj rA ct 1 A 0 A C) cm 1 ) ) I ~ en m rV) Cf) rAj I (V C>. C'6' I



113

-' . 09 R-353

u ucu cu cu Cuj

o o 00

-0

-* Z. -2 C; Cu Cu C; C

L ) f. u.

03 0 a0 C

4- II4UC lCu-G
0 0 CnuC

IO ci CT 4.4.en.%

0 -: -k -u a- - -u

C m0
- -G 00Cu & C O.OLL rC 0 tvCu C;o.~oI
E ---- NNNN ---- 'OO~' I~~IOO~~'
0

'.0 -Cu.T r- CU4-T r- C'O0 - \.DODO\O 0*% uCU (M n Ln l ON O-
oe c %OUNLLA-Tl r.- LA LA L UlU LAun r- \0%\D 0 00O~ N-NP- r- \D \DN-

-0 N-CU* C'CU* Cu CuC4 Cu C4 Cu C C4 CuC C CuC4 C.; Cu C Cu Cu

00 .0 - - nc l 00C%0 t 4 A u j 0- r Nc%0
C0 -tL - U U L U

X< Lt I 9

xG 00 (
*L. e MLA 0 0 l\~ UO 0 IPN-r a OCuN- co C C

0 C>0 a m ~cu Cu 1 0 LA O I C)00 1 Cu--- I 04.1:- 1, 000 - '
- i Cu 0 0 ...............

:3 -0 U\Ln Cui0 L\ 00C)0 r-0C0 LArOj_:r Cl 0ON~

W ~ ~ ~ ~ -r4 * r : : t *n -t I--L\L\ D\0%oI \1 \10 \0 I .- 1 -
W m

E 0 C 0 00)0 IL Lt L L 0000 000C>0 UL Lrf\
0C 00 Oc Lr\ LA Lf U"\ N -Nr- N - L ~.00G D 0 L L rLLrt r- -Nr- r.

0.C~CU C~jc ~ u Cj u cu .4 4. 11- Cuj Oj Cu C ujCCu Cu 4T.4T.T.4

0~ Mn 0 n <~.L~ \0nmm< MMM MM0- mmcn C'I'4 On m.\Na~



R- 1536

114

F- a%_ r- \0 t-- a% (\J r- rcO M r-.e- 0C \0 - "o a
-0a .3 . .

\0 .r- r- U' a~ sum- (U Je N 0\ 1-0c asC O~~~ - %\0 N~

mme O mo4 f mo~f m nc n-Tc%*

0 CO 4, V44- O4-4-V4I- ON " 0 ff

00
C C ttiu Cof" ul0 1-\Drcu-- r\I erc- - f u

a~- -T -t~

1 0 0I

C I 0i~ a oo0 a> a a a a a Cl a ) a iCo a a a

f "I a a0 -00 a coa a0 00 a

o 4- 0 0 0 0C)0 00 C>0 00C

0 0

0 n G% %Ci \ : jC \,DO 0-n Co~ atio 4r a i't m
0 0 cc) a\o I n a cf- a tfl ocr% a n I\IT a- mo w al I MON

cc 0 000 00c \)0 00 \00P0 000a
3: 1 S.I.-c 3 1 \ 0 e I c - I Ic ~

0 0 4ch 00 a C uC'04- C) aro w i a a -0 U a-\ a

- -0 CU 0iDO 000> 00N . 00- --- >& 00 \ -- ON
4-'A 0 1- -Ci t C) 0 I - cu IJ a\ C1 C0.C 1 (n ciJC a I a% I

0-, ~ -:I - I- -'~ I. 4- J- I ) C 10 C00I0
-1 ..7 * . a

4a-. -) a o 0 uui- 004-O a 0 0 0 ea wor-t t-.r-.oC;

I- n o- an '. ; r- uiw.o O oi00 a\nc t; a .- eva t; Cu _r-o A i. Cu \0 -ci

<- 0 0 00 0



R- 1536

115

II
.33 _: I ta I t . .. 3 * 3

0 4- Cu C; C'; C ; C; vi ~ C C;~e

C; C; C;0 ;0 0C.C 0C

U, \\0'.-C;c 0%0 C; (mm .O C r,00a C J- E

m e > M A 3>3 A3- -ta -t -a9 ZT 3- -- 33Ul L\

-Ia 0

- U 0O 'Ln \D\ ON (n~.±-

--I I a;- -- 3 -- -3O -

L- 00 00 % 00- 1, 00r C Co a\ Ic C - . * 00C C

I. n o u. a ~ i - Ce -~ - -f~ -~ r - -~ - - C- -

-t, a\ t- CUCOJ C CU %. CO - CO Ln 'JCu r% cu~uu _:rfl u\ f%

4- 00 0C 0 0
C

4 - - -a00 0C C ) 0C

x.~- C~ .C-2 1-v r.u.NL~vN
0 L. x3............

00 000 000 00C;C>0 000a

ro r Eo c ; m a nc or-o ; nc ;c tc
I-J C\ U>- \ M> \ jCJ> CJCV q nc

OUCjci< NciCj< Clc Cj< CsCiCi C k k



[ R- 1536

116

Ov\0m m f- - 0 O ID u-revC"\D - tco L uC~-0 - \D0a

- -U)--- - - - - - -

(n f-.N---00 OOJJDO U0~~ 0 .4 -U'\l- -

in 'C J~ au C~Jlev U m I n V- I3 c ~-~ I I N aQ-

.2 4 C-% -- 0 --- --0a --- I --- 3C ) A

0 .61 * *- m *- . .o \. 00 . .n M .%I~ .o

- 4-00 000 000C C C 000> 00C 0 000
4)

0 -0 0 r - - - >r - - o00 o>00 w> o00 00 0

0

toL

M)

* mv\ - ovr-r- r-a-t \0 - C>r U \ e.j r- 0 \D 00 - CO

-- -L -

PE 0o -: \--o co c

3:w 4-000 011- 0 0 0 0 0 0 0 0 0 0 _t r

IIt

0 a% or- ul - cu 4 c C , cuJu CUU\0 \O'..OLA~
(nMff%' 2 ~4L 3t UNI cu mPcI I M')(V)cf I Vn M- I TVWDZI

> >4-- -- --- --- ---C 0C ) l0 a --- aQ

o 40 J - ON *t C* *n r .%Cj c r% - UcnC

4-00 000 0 0 D 0 0 00 000)

- z o % ) I V\~n.1 a iiU .L A 44. > A4 w \U>%o\0\ lt 0 > .* a0\ r
I ~ -- --- --- --- 3 --- --- 3i< u c u Nc Q mc m u%



R- 1536

in 1 *gt I .. .

I4. 3 j I * IC . .. I .

3L tn UN C* Cu * 
CU 

a 
I I f CU I

41 O~ 0 C2ef ~ ~ o o- 0 0 I
4-0-c C;3c~ 0303C C ; ; C; C; C;rv

u

41 - 0 0 %0 00 00O00

004

4- 00 0 00 00a00

4-000 0 00 0 0 0 CU 00 %
u ~ ~ ~ ~ ~ \ on %10 0o -o r-- 03r~U~ - O O0 ~-. I \0 ou-,u

4) C)0~a~ oi~~ C)O~ C)~O 000>o 00>1.41



R- 1536

118

co "NC~j -U' 1%00 co C~J CY m Cr ON' %.D k

co- u- uo -:*Ooc 4~~ a; I oA' : 4 a ;C '
--- - -C~j- - - --

r C! a,% c 4 cij - %.'\0 4 4
LL- . I I * * tl C * I * * * I * * *

cc 4) M\O si~ oaj fnC~C 000 t-0110 cI :c: cQ C% c ~
4- 0 C*. 0 0 C. 0

mL 4- 000

0 C~ 03CT r. 0 - \. '.3

>l a.I---I I I --I -

;~~C C;; C; C;ri' o'~~ U 0~L, U\L

0

> ) \las I V I. %ClLf-\Ll\\ SI %D

0 4- 00 *- 0 Cl o: C o a

Ml Ln C; .4 rco C; T o- C; cuMTC;1\o ,C oo ot

I S

LL. I' I
-- -I~ - - -I- 33.3---. M (

4) w 0 UN 000 r a 0 0 000

0 71

- 0 000 0 0000

'A0U4 l-) 0 cn -0~O 4.Li\ 4~0C 0Uo
_n u LACJCJ I'CJ~ IrC~ I~~4 r-(~~ 4.4.4.II> 91 Lf\,

m .. -1 I' If I -Y If I IV I I4 C- 7 14( 4( 4< ( 4(1- 44-0- C



R- 1536

119

I
Table XLI

I Single Wheel Performance of Wheel Pair No. la

Test W z R Vc  Vw  B Remarks

No. (lb) (in) (lb) (ft/sec)" (ft/sec) (%)
361 75 1.78 36.5 0.157 0.099 36.9
362 75 1.79 35.0 0.174 0.144 34,5 First Pass
Avg. 75 1.79 3..8 -- -- 35.7

363 75 ........ ..
-, 364 75 1.70 23.8 0.161 0.121 24.8 Second Pass

Avg. 75 1.70 23.8 -- -- 24.8

365 110 2.2U 50.3 0.157 0.097 38.2366 II0 2.25 51.0 0.174 0.118 32.2 First Pass
Avg. 110 2.23 50.6 -- - 35.2
367 110 2.19 41.7 0.180 0.114 36.7

368 110 2.10 38.8 0.16! 0.111 31.0 Second Pass
Avg. 110 2.15 40.3 -. -- 33.8

369 150 3.10 80.0 0.158 0.088 44.3
'7 370 150 3.20 80.0 0.160 0.092 42.5 First Pass

Avg. 150 3.15 80.0 -- -- 43.4

371 150 2.77 60.0 0.159 0.103 35.2
4 372 150 2.73 60.0 0.154 0.099 35.7 Second Pass

Avg. 150 2.75 60.0 -- -- 35.5

q 373 175 3.55 101.0 0.158 0.086 45.5
374 175 3.60 99.0 0.160 . -- First Pass
Avg. 175 3.58 100.0 -- 45.5

375 175 3.20 76.0 0.159 0.100 37.1
376 175 3.20 76.0 0.154 0.095 38.3 Second Pass
Avg. 175 3.20 76.0 -- -- 37.7

-Sw

'i

!
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Table XLI I

Single Wheel Performance of Wheel Pair No. lb

[ Test W z R Vc  Vw  B Remarks
No. (lb) (in) (lb) (ft/sec) (ft/sec) (%)

377 75 0.96 15.3 0.151 0.124 17.9
378 75 0.92 16.3 0.154 0.i29 16.2 First Pass
Avg. 75 0.94 15.8 -- -- 17.1

379 75 1.10 6.5 0.154 0.143 7.2
380 75 1.10 10.0 0.163 0.152 6.8 Second Pass
Avg. 75 1.10 8.25 -- -- 7.0

381 110 1.16 28.8 0.151 0.117 22.5
382 110 1.12 28.5 0.154 0.125 18.8 First Pass
Avg. 110 1.14 28.7 -- -- 20.6

383 110 1.35 12.5 0.154 0.145 5.9
384 110 1.30 12.5 0.163 0.155 4 9 Second Pass
Avg. 110 1.33 12.5 .-- 5.4

385 150 1.28 32.8 0.164 0.132 19.5
386 150 1.65 50.0 0.175 0.119 32.0 First Pass
Avg. 150 1.46 41.4 -- -- 25.8

387 150 1.65 33.8 0.168 0.145 13.7
388 150 1.82 28.9 0.200 0.75 12.5 Second Pass
Avg. 150 1.73 31.3 -- -- 13.1

389 175 1.53 48.3 0.164 0.115 29.9
390 175 1.80 62.9 0.175 0.126 28.0 First Pass
Avg. 175 1.67 55.6 -- -- 28.9
391 175 1.90 44.7 0.168 0.133 20.8

392 175 2.05 43.0 0.200 0.156 22.0 Second Pass
Avg. 175 1.97 43.8 -- -- 21.4
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Table XLI II

Sinq'- Wheel Performance of Wheel Pair No. I C

Test W z , c  V B Remarks
No. (Ib). (in) (lb) (ft/sec) (ft/sec) (%)
393 75 0.60 15.5 0.136 0.124 8.9
394 75 06 13.8 0.139 0.127 8.6 First Pas!
Avg. 75 0.60 14.65 -- -- 8.7

395 75 0.70 6.0 0.135 0.132 2.2
396 75 0.75 7.9 O.140 0.137 2.2 Second Pass
Avg. 75 0.73 6.95 -. -- 2.2

397 110 0.80 19.7 0.136 0.119 12.5
398 110 0.78 18.0 0.139 0.123 I1.0 First Pass
Avg. 110 0.79 18.85 -- -- 12.0

399 II0 0.90 13.2 0.135 0,128 5,2
400 110 0.90 12.9 0.140 0.129 7.9 Second Pass
Avg. 110 0.90 16.55 -- -- 6.5

401 150 0.97 35.1 o.148 0.124 16.2
402 150 0.95 32.7 0.138 0.113 18.1 First Pass
Avg. 110 0.96 33.9 -- -- 17.1

403 150 1.18 12.5 0.138 0.131 5.1
404 150 1.15 13.8 0.152 0.141 7.3 Second Pass
Avg. 150 1.17 13.2 -- -- 6.2

405 175 1.10 39.4 0.148 0.122 17.6
406 175 1.05 35.7 0.138 0.111 19.5 First Pass
Avg. 175 1.08 37.6 -- -- 18.5

407 175 1.28 20.6 0.138 0.128 7.3
408 175 1.26 20.6 --- -- Second Pass
Avg. 175 1.27 20.6 .... 7.3

L'


